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ABSTRACT The use of singlets, cascaded singlets, and doublets in a coaxial substrate integrated waveg-
uide (SIW) technology is proposed in this paper, with the aim of implementing low-loss filters with very
compact size and highly selective symmetric, asymmetric as well as dual-band responses. Singlets based on
coaxial SIW resonator structures with source-load coupling are presented and studied. Then, different filter
examples based on N cascaded singlets are designed, fabricated, and measured at 7.5 GHz, with up to N
transmission zeros that can be easily located below and above the passband. Moreover, the application of
doublets based on a dual-mode coaxial SIW resonator with source-load coupling for achieving extremely
compact dual-band filters is presented, and two examples with different bandwidth configuration for each
channel are designed, demonstrating the flexibility of the proposed coaxial SIW structure. The obtained
experimental results of the differently implemented filters show a good agreement with simulations, thus
confirming the interesting potential application of these structures for the design of very compact devices

with advanced filtering responses.

INDEX TERMS Band pass filters, cavity resonators, bypass coupling, cross coupling, elliptic filters,
microwave filters, resonator filters, singlets, substrate integrated waveguide (SIW), transmission zero.

I. INTRODUCTION

The design of high selectivity filters have usually relied
on the introduction of transmission zeros (TZs) at finite
frequencies. Different techniques have been extensively
researched with this goal. These include the introduc-
tion of cross-couplings between non-adjacent resonators,
which has been broadly explored in waveguide [1], [2],
planar [3], [4] and substrate integrated waveguide (SIW)
technologies [5]-[10], or the use of extracted-pole syn-
thesis methods in order to produce asymmetric responses
with flexible allocation of TZs [11]. Together with the for-
mer considerations, there is also an increasing need of
further reduction on the size and cost of microwave fil-
ters, as well as providing extra functionalities like fre-
quency tuning [12], filter response reconfiguration [13] or
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multi-band operation [14], [15]. And this is imposing addi-
tional constraints on the previously indicated filter topolo-
gies. They are not always well-suited for satisfying the new
demands on small size and low complexity filters, due to
the complicated routing schemes involved, the dispersive
behavior of mixed electric and magnetic couplings, and the
extra size required for pole extraction.

Singlets, cascaded singlets and doublets are also
extremely useful building blocks for compact high-selectivity
microwave filters [16]-[19]. These topologies enable us to
design filtering responses having N TZs with N resonant
elements by providing additional paths between source and
load. Thus, the synthesis of advanced filtering responses can
be easily achieved by using non-resonating nodes (NRN) to
cascade N singlets.

In this context, the definition of singlet was firstly envis-
aged in [16], where it was defined as the most basic build-
ing block for modular design of elliptic filters that contains

2169-3536 © 2019 IEEE. Translations and content mining are permitted for academic research only.

VOLUME 7, 2019

Personal use is also permitted, but republication/redistribution requires IEEE permission. 29901

See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


https://orcid.org/0000-0002-6790-5424
https://orcid.org/0000-0003-1954-5177
https://orcid.org/0000-0002-7119-3714
https://orcid.org/0000-0001-7150-9785

IEEE Access

S. Sirci et al.: Advanced Filtering Solutions in Coaxial SIW Technology Based on Singlets, Cascaded Singlets, and Doublets

one resonator and generates one TZ. Indeed, the idea of
exploiting additional couplings between the source-load and
resonators to generate N finite TZs with N resonators had
been proposed by Amari et al. [20], where a comprehensive
synthesis technique of coupled resonator filters with source/
load-multiresonator coupling is shown.

However, such interesting structures have not been
extensively reported in SIW technology [18], [19], [21].
For instance, cascaded singlets based on oversized SIW
cavities have been just recently proposed for implement-
ing dual-band band-stop filters [18]. Furthermore, SIW
mushroom-shaped resonators have been also used for imple-
menting quasi-elliptic filters [19], although at the cost of a
more complex manufacturing process and lower EM per-
formance. Finally, in conventional dual-mode SIW filters,
the interaction of the coupling ports and the location of a
perturbation via introduced at the SIW cavity corner has
been investigated to introduce multiple TZs at one side or
both sides of the passband [21]. Note that, in this approach,
to provide multiple paths, the fundamental TE{p; mode
plays the role of NRN. Even if a more flexible design and
enhanced performance responses are achieved, filter minia-
turization cannot be easily implemented using the proposed
approach.

In this context, coaxial SIW structures present important
advantages for implementing filters with advanced responses
due to their low loss, compact size, tuning capabilities
and easy integration. Thus, the use of cascaded singlets
in coaxial SIW has been already demonstrated in [22] for
the introduction of TZs below the passband, generating
highly-selective asymmetric responses. Moreover, doublets
based on dual-mode coaxial SIW resonators were also pro-
posed in the same work for the design of quasi-elliptic single
band filters. In this paper, the concept of coaxial SIW singlet
is generalized and extended in order to be able to locate
the TZ selectively below or above the passband, by using
electric and magnetic coupling for the source-load path of the
structure. Such building block can then be used to perform
filters with symmetric quasi-elliptic response, or asymmetric
responses with steep filter skirts, based on cascaded singlets.
In addition, the proposed approach is also here extended to the
dual-mode coaxial SIW cavity [23] with the aim of design-
ing highly-selective dual-band filters with a high degree of
miniaturization.

To validate the proposed topologies, several filter designs
are shown in the following Sections. First, Section II presents
the working principles of the proposed coaxial SIW singlets.
Then, in Section III, two different filter examples using two
cascaded singlets are presented, showing different distribu-
tions of the TZs below and above the passband. Moreover,
a filter with three cascaded singlets is also presented showing
that this structure can be easily scaled. Finally, in Section IV,
the design of a novel dual-band topology based on coaxial
SIW doublet is proposed and experimentally demonstrated
by means of different filter examples.
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II. SINGLET IN COAXIAL SIW

Fig. 1 shows the routing schemes of a singlet, where grey
numbered circles are resonator nodes, S, L and my stand for
source port, load port and main direct coupling, respectively.
Finally, my; represents the cross coupling, which can be based
on an electric (dashed line) or magnetic (solid line) coupling
mechanism.
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FIGURE 1. Routing scheme of a singlet with: (a) negative (electric) and
(b) positive (magnetic) source/load coupling. (c) Synthesized frequency
responses of both singlets.

As firstly demonstrated in [16], the singlet consists of a
first order topology able to produce a TZ either below or
above the transmission pole. Indeed, the singlet provides
two possible paths that connect the source and the load:
the main path S-/-L and the direct path S-L. This filtering
configuration has been widely studied and validated with
different technological realizations; for instance using pla-
nar circuits [16], classical waveguide [17], [24], and more
recently SIW technology [18], [19], [22].

The objective of this work is to implement singlet topolo-
gies in SIW technology that are able to generate TZs in a
flexible way whereas keeping very compact size, low-cost
batch fabrication, and moderate-to-high unloaded quality fac-
tor (Q,). Hence, the direct path S-L is chosen to be imple-
mented by means of an embedded direct bypass coupling.
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This is in contrast to the approach used in previous works,
such as [18], where higher order modes excited in oversized
SIW cavities are providing the direct source-load coupling,
with a cost in terms of filter miniaturization.

Using the approach proposed in [2] to illustrate the intro-
duction of TZs in coaxial cavity resonator filters, the working
principle of the singlet can be explained looking at the phase
shift of the two possible signal paths. When this phase shift is
approaching 180°, an out of phase condition is achieved, thus
a destructive interference between the signal paths generates
a TZ in the frequency response. In this context, let us view
the singlet as a two-port device, and, as proved in [2], let us

consider that:
o If the input signal is below the resonant frequency fo,

thus below the passband, the phase shift introduced by
the resonator is approaching +90°. In the case of input
above fj, the phase shift tends toward —90°.

« Electric (negative) coupling mechanisms, which are rep-
resented by series capacitors, provide a +90° phase shift
to the incoming signal.

o Magnetic (positive) coupling mechanisms, which are
represented by series inductors, provide —90° phase

shift to the incoming signal.
Since an embedded direct source/load coupling my; is now

used to provide the direct path for signal passing through
the singlet, the position of the TZ only depends on the sign
of the bypass coupling my, thus on the type of coupling
mechanism that is chosen. Indeed, if my; is electric, the TZ
appears below the passband because the two paths are out
of phase below fj (i.e. the phase shift of the path S-1-L with
electric my is +90° 4+ 90° + 90° = +270° or, with magnetic
my1 18 —90° + 90° — 90° = —90°, whereas in the direct path
S-L is always 4+90°). On the contrary, a magnetic my is
responsible for the introduction of a TZ above the passband
(i.e. the phase shift of S-1-L is +90° — 90° + 90° = 4+90° or
—90° — 90° — 90° = —270°, whereas for S-L path is always
—90°). Note that if direct couplings my; at each side of the
resonator have the same sign, their coupling nature does not
have any effect in the TZ position. Thus, electric or magnetic
coupling mechanisms may be chosen for m;; according to the
specific characteristics of the coaxial SIW resonator, and not
of the singlet itself.

Once the general position of the TZ with respect to the
transmission pole is defined by choosing the sign of my, its
exact frequency position can be analytically computed as a
function of the magnitude of mg; as follows

Qrz = m? /my (1)

where Q17 is the normalized angular frequency. Hence,
the frequency of the TZ can be determined by using the
standard frequency transformation from low-pass to bandpass

filter responses

Qc w wo

= —-= )
FBW \ wg w

where Q¢ = 1 rad/s, FBW and w( are, respectively,

the fractional bandwidth and centre angular frequency
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of the filter response,
frequency.

and  is the real angular

A. COAXIAL SIW RESONATOR

In this work, the building block of the singlets is a microwave
resonator implemented in coaxial SIW topology, following
our recent approach described in [22]. The coaxial topol-
ogy was recently proposed as a direct translation of the
classical resonator of combline waveguide filters to a sub-
strate integrated technology. This solution was proposed and
extensively studied for implementing compact bandpass fil-
ters (BPFs) in several works, involving in-line direct cou-
plings [25], [26] as well as cross-couplings [10], [27], [28]
for implementing quasi-elliptic responses.

Coaxial SIW filters present important advantages in terms
of compactness, and can easily accommodate magnetic and
electric couplings in a single-layer structure, suitable for
batch production using low-cost PCB fabrication procedures.
Additionally, the structure can withstand moderate power
levels, both in continuous and pulsed signal conditions,
as proved in [26].

(2)

(b)
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FIGURE 2. Coaxial SIW singlet with TZ below the passband demonstrated
in [22]: (a) 3D view, (b) top view and (c) equivalent circuit. (d) Practical
realization of a singlet in coaxial SIW topology with TZ below the
passband, as we proposed in [22].

As Fig. 2 shows, in a coaxial SIW resonator, the inner post
is short-circuited at the bottom metal layer and open-ended

29903



IEEE Access

S. Sirci et al.: Advanced Filtering Solutions in Coaxial SIW Technology Based on Singlets, Cascaded Singlets, and Doublets

at the top side. Thus, the resonator may be approximated
as a piece of circular-square coaxial line of length % and
characteristic admittance Yy embedded into the dielectric
substrate [25]. The external square conductor is composed
by the via hole walls that form the SIW cavity, while the
coaxial inner circular conductor is the central plated post.
The TEM-mode resonant frequency is given by the condition
B(w) = 0, B being the susceptance of the coaxial resonator,
which can be expressed as

B(w) = wC; — Zio cot Bh 3)

where 8 is the TEM-mode propagation constant, C; is the
loading capacitance, and Zj is the coaxial line characteristic
impedance.

In this context, the properties of a coaxial SIW res-
onator are defined by several parameters, thus increasing the
design flexibility of such structures. Specifically, the laminate
thickness &, the SIW cavity side /., the inner post diame-
ter d;, the perimeter and width g; of the patch isolating gap
(i.e. establishing C;) allow us to fix the resonant frequency fy
to its right value. These parameters are also set by adjusting
the resonator slope parameter b, which basically defines the
miniaturization degree of the resonator.

As it has been explained in [29], the susceptance slope
parameter b for resonators having zero susceptance at ey is
defined as

wo dB(w)

2 do @

wW=w()

Hence, taking into account (3), the slope parameter for
the proposed coaxial SIW topology can be particularised as
follows

1
b=—- |:a)()C1 +

o
> i| (®)]

Zo sin? 6o
where 6 is the resonator electrical length at the desired
resonant frequency fy (i.e. 6 = Po h).

B. SINGLET WITH TZ ABOVE THE PASSBAND

Fig. 2 depicts the layout of the coaxial SIW singlet with a
TZ below the passband that was recently reported in [22].
The equivalent circuit of the proposed SIW singlet is depicted
in Fig. 2-(c). The latter reflects the fact that an electric cou-
pling scheme enables a flexible direct source/load coupling
my (see Fig. 2-(b)) that bypasses the resonating mode and
generates a singlet response. In this context, Fig. 2-(d) shows
the practical implementation of such coaxial SIW singlet
and its measured results [22], whose agreement with 3D EM
simulation is remarkable.

Such bypass is easily implemented by means of an
additional distributed capacitance that is created on the
CPW feeding line. As well known, the fundamental
TEM mode of coaxial SIW resonators can be excited by
means of an electric coupling mechanism based on a dis-
tributed capacitance [10], [28], embedded into the dielectric.
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FIGURE 3. Coaxial SIW singlet with TZ above the passband: (a) 3D view,
(b) top view, (c) equivalent circuit, and (d) magnetic field patterns of the
TEM mode and feeding ports. Sizes: wg = 1.2mm, sg; = 1.8 mm,

se = 2mm, [y =1l = 3mm, d; = 0.6mm, d;; = 0.3 mm and

dy = 0.5mm.

Fig. 2-(b) shows that the capacitance associated to mg is
controlled by the spacing gy and width wy. It is remarkable
that a single layer PCB fabrication is still suitable for imple-
menting such topology, thus reducing cost and complexity of
the solution.

As previously explained, if the my is based on a magnetic
coupling mechanism, the TZ of the singlet appears above the
transmission pole. To provide such a magnetic coupling in
coaxial SIW topology, a standard CPW-to-SIW transition that
makes use of a current probe is employed, as shown in Fig. 3.
This excitation mechanism, whose first demonstration was
provided in [30], has been recently proposed as an effective
mechanism for the external coupling of evanescent mode STW
filters [14], [28].

Therefore, a plated via hole having diameter dy; is now
inserted at the end of the CPW feeding lines, and is then
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short-circuited to the bottom ground plane. The plated via
hole can be seen as an extension of the CPW feeding line,
which should be terminated by an open circuit immediately
following the plated via hole. As proved in [30], the current
flowing through the plated via hole generates a magnetic field
that excites the fundamental mode of the resonator, which
is, in our case, the TEM mode of the coaxial SIW cavity.
Taking into account that the TEM mode shows a high current
that flows through the inner via hole having diameter d;, this
mechanism provides an effective way to excite the coaxial
SIW fundamental mode, as it is clearly visible in Fig. 3-(d).

It is worth mentioning that in order to obtain such magnetic
coupling feature by using the proposed mechanism, it is
crucial to ensure ground planes among both the spacing gaps
of input and output CPW feeding lines, and between those
lines and the loading capacitance, as depicted in Fig. 3-(b).
By doing that, it is possible to avoid fringing fields among
these isolated conductors, thus eliminating the electric cou-
pling component and enhancing the total coupling.

Indeed, as proposed in [28], when these current probe holes
inserted at the end of the feeding lines are faced each other
with the only separation of an air gap, a mixed coupling
mechanism is generated. The magnetic component relies
mostly on the separation of the plated holes, whereas the
electric component depends on the width of the air gap
between feeding line conductors. Since these two couplings
are out of phase, the total coupling can be extracted as the
magnetic coupling minus the electric coupling. Such property
was exploited in [28] to produce an external coupling can-
cellation at specific frequencies, which allows us to generate
additional TZs in the frequency response of coaxial SIW
filters.

Finally, the great advantage of this solution is the simple
introduction of a magnetic bypass coupling between source
and load by approaching the input and output feeding lines to
each other, and especially their coupling posts. Furthermore,
this solution is perfectly compatible with low-cost single-
side PCB fabrication processes, whereas it maintains the high
miniaturization degree of the coaxial topology. In fact, such
coaxial SIW resonator configuration provides more than 45%
of resonant frequency reduction with respect to a standard
TE 101 SIW cavity resonator, being comparable to the size of
a half-mode SIW implementation, but showing a higher Q,,.

1) DESIGN

Let us consider a singlet whose frequency response shows
a transmission pole at 7.5 GHz, in-band return loss (RL)
of 15 dB, whereas the FBW34p has been set to 4.5%, as shown
in Fig. 4. Specifically, the resonator slope parameter b has
been set to 24.5 mS, thus the resonator parameters are:
coaxial characteristic impedance Zy = 91 €2, resonator elec-
trical length 6y = 26° at 7.5 GHz, and capacitive patch
C; = 480fF (e. Iy = Ijy = 3mm with g = 0.2mm).
In addition, let us consider the use of a 1.52 mm-thick Rogers
R04003C laminate with permittivity €, = 3.55 as dielectric
substrate.
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FIGURE 4. Theoretical (dashed lines) and simulated (solid lines)
responses of the coaxial SIW singlet of Fig 3.

By setting the inner via diameter at d; = 0.6 mm, the SIW
cavity size becomes [, = 10 x 10mm?. It is worth men-
tioning that this coaxial SIW configuration is able to reduce
fo of about 36% if compared to a standard TEg; approach
(i.e. from 11.8 GHz to 7.5 GHz).

By using the magnetic my, the TZ is generated above
the passband, at 8.5 GHz. Fig. 4 shows the theoretical and
simulated responses of this singlet, whose coupling matrix
elements are: my; = 0.66, mg = 0.083, and mi; = 0.

Basically, the TZ position is defined by two distinct param-
eters, which are the coupling post diameter dy; and the sepa-
ration sg; between the coupling posts of the input and output
feeding lines (see Fig. 3-(b)). Indeed, Fig. 5 shows how the TZ
may be finely set by adjusting dy; (see Fig. 5-(a)) or sy (see
Fig. 5-(b)). In the latter case, separating the coupling posts
from 1.55 mm to 2.05 mm, the TZ location may be set in a
frequency range of about 600 MHz, from 8.2 GHz to 8.8 GHz.

Furthermore, the separation s, among the CPW coupling
posts and the center post of the coaxial SIW defines the
magnitude of my. The energy coupled into the coaxial STW
resonator increases for smaller s,, as it is visible in Fig. 6,
thus achieving higher my; .

However, due to the working principle and layout geometry
of this magnetic coupling, the values of my and m; have a
slight mutual dependence. On one hand, the distances s, and
sy are both dependent variables of the positions of the same
via holes. On the other hand, as for the mg;, the energy transfer
from the CPW coupling post to the center post relies upon the
via hole diameters, which are d; and dy;. This means that the
design of a magnetic-based singlet is more time consuming
than that of the electric-based singlet demonstrated in [22].

Ill. CASCADED SINGLETS IN COAXIAL SIW

A key feature of using singlets for designing bandpass filters
is the extremely high modularity of this solution. By cascad-
ing N singlets, the design of elliptic filters of order N having
N TZs in the frequency response is enabled, showing also the
remarkable ability of each singlet to independently control its
own TZ.
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FIGURE 5. S,;-parameter response of the coaxial SIW singlet with
magnetic mg; when (a) the coupling via hole diameter d;, and
(b) the coupling holes spacing sg; are changed.
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FIGURE 6. S,;-parameter responses of the coaxial SIW singlet with
magnetic source/load coupling when varying se.

In order to validate the performance of the proposed sin-
glet concept, the next three examples of advanced filter-
ing responses, based on the guidelines from Section II, are
considered:

« A two-pole BPF having two TZs above the passband in

Section III-A.
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« A two-pole BPF with two TZs at both sides of the
passband in Section III-B.

o The latter example in Section III-C is a third order BPF
with three TZs, two of them below and one above the
passband.

It is worth mentioning that to cascade adjacent singlets,
aNRN is used as coupling mechanism. In this work, a quarter-
wave CPW section created at the top metal layer, and embed-
ded into the resonators, is used as NRN. The NRN layout is
shown in Fig. 7-(b), which highlights that the main parame-
ters of such piece of CPW line are its length I, its width
Wnr and the spacing gap gum-

The substrate laminate that has been chosen for implement-
ing the three proposed designs is again Rogers R04003C sub-
strate (¢, = 3.55 £ 0.05, tané = 0.0027 at 10 GHz) having
thickness of 1.52 mm. All 3D EM simulations that will be
shown in the following sections have been obtained by using
Ansys HFSS.

A. CASCADED SINGLETS WITH TWO TRANSMISSION
ZEROS ABOVE THE PASSBAND

In the first example, a narrow-band BPF centered at
f. = 7.5 GHz with a fractional bandwidth FBW 45 = 4.6%
(i.e. BW = 340MHz) and RL = 15dB is designed, fabri-
cated and measured. By cascading two coaxial SIW singlets
featuring magnetic my;, the rejection of the second-order BPF
can be strongly improved above the passband thanks to the
introduction of two TZs. The filter routing scheme is shown
in Fig. 7-(a), where numbered grey circles are coaxial SIW
resonator nodes, patterned circles indicating (N1, N2) are
non-resonating nodes, whereas S, L are source and load port,
respectively. Furthermore, my; are main direct couplings, and
my; ; are cross couplings. Finally, the values of filter coupling
matrix elements are shown in Table 1.

TABLE 1. Coupling matrix of the designed two cascaded singlets.

ms1 0.94 ms2 0.75
Ssl,1 0.082 mg o | 0.103
mi1 0.21 mo2 -0.12
Mnl,n2 0.81

Fig. 7-(b) shows the filter layout. Since the TZs will appear
above f; in this configuration, the self-resonance of the NRN
Jurm 1s now designed to be much lower than f,.. Thus, the NRN
length has been increased up to 13.4 mm, so that f;,, is now
centered at 5 GHz. In this context, Table 2 shows the main
sizes of the designed two-pole filter.

The separation among coupling posts sg1 and sg2 indepen-
dently control, respectively, the position of each TZ. In this
design, these are generated atf. +3 x BW = 8.5 GHz, and
fe +6 x BW = 9.5 GHz. Hence, the filter would provide a
rejection better than 40 dB from 8.2 GHz up to 10.2 GHz.

Finally, the SIW cavity side is /. = 9.8 x 9.8 mm?, and
the inner d; is set to 0.6 mm. The resonators show the
same characteristics of the singlet of Section II-B, whose
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(a)

(b)

FIGURE 7. (a) Routing scheme and (b) layout of the two cascaded singlets
with a quarter-wave CPW NRN that introduces two TZs above the
passband.

TABLE 2. Layout dimensions of the designed two cascaded singlets
(Unit: mm).

Ssi,1 1.6 Ssl,2 0.83
Se1 | 126 || sea | 105
Uwa | 33 || lwa | 326
lya | 23 || lyo | 23
g1 | 014 || gip | 0.14

lc 9.8 Inrn 0.15
lnrn 13.4 Wnrn 0.98

parameters are: b = 24.5mS, Zy = 90 @, 6p = 25.9°, and
C; = 480 fF. However, the final size excluding the feed-
ing lines of the cascaded singlets has been widened by
the longer NRN, being 9.8 x 24 mm? that corresponds to
0.25 x 0.613 and 0.46 x 1.13A2, where A, is the guided
wavelength at 7.5 GHz.

1) MEASUREMENTS

This prototype with cascaded singlets has been fabricated
in a single-layer PCB process by using an etching fabrica-
tion process (i.e. based on a photo-imageable film applica-
tion followed by a photo-exposure) with electroless nickel
immersion gold (ENIG) finishing. Such process shall allow
us to implement lines and isolating gaps with a width of less
than 0.2 mm.

Lossless theoretical and simulated responses are shown
in Fig. 8-(a). The measurements of the fabricated device are
shown in Fig. 8-(b), where the initial and back-simulations
are included, whereas a photograph of the filter prototype is
visible in Fig. 8-(c). Indeed, the filter response has suffered
a frequency shift from 7.5 GHz to 7.7 GHz (i.e. +2.7%)
due to the non-vertical edges of the capacitive patch gaps,
and the reduced final finishing thickness. By using a stylus
profilometer, the latter has been measured to be around 30 um
instead of the expected value of 50 um. Such deviations of
the component sizes have been included in the 3D model, and
additional EM simulations (i.e. a back-simulation approach)
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FIGURE 8. Two-pole cascaded singlets filter of Fig 7: (a) lossless
theoretical response (dashed lines) and simulations (solid lines),
(b) simulations (dotted line), measurements (solid lines) and
back-simulations (dashed lines) that fit the measurements.

(c) Photograph of a fabricated filter prototype.

have been performed and shown in Fig. 8-(c). As it can be
clearly observed, both deviations affect the final value of Cj,
which is slightly lower than the nominal design value, thus
justifying the frequency shift to higher frequencies that has
been measured.

Apart from the frequency shift, the filter response is in
good agreement with simulation results. The measured IL and
RL are, respectively, 2.2 dB and 21 dB, which are similar
to the simulated values of IL = 1.9 dB and RL = 15 dB.
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From measurements, the extracted Q, of the singlets is
around 150. The TZs are located 1 GHz and 2 GHz
above the filter f, (i.e. at 8.7 GHz and 9.7 GHz), pro-
viding more than 40 dB of rejection between 8.5 GHz
and 10.5 GHz, which are values comparable to the desired
ones.

B. CASCADED SINGLETS WITH TWO TRANSMISSION
ZEROS AT BOTH SIDES OF THE PASSBAND

Combining the singlet with magnetic mg described in
Section II-B and the singlet with electric mg already
described in [22], it is possible to exploit the modularity of
such approach. This enables us to design a two-pole filter
with TZs located at both sides of the passband, whose routing
scheme is shown in Fig. 9-(a).

(a)

(b)
FIGURE 9. (a) Routing scheme and (b) layout of the two cascaded singlets
with a quarter-wave CPW NRN that introduces two TZs at both sides of
the passband.

The layout of the proposed device is shown in Fig. 9,
whereas its main dimensions are listed in Table 3. As for
the cascaded singlets of Section III-A, to implement such
filtering response the two singlets are cascaded by means of
the quarter-wave CPW NRN structure.

TABLE 3. Layout dimensions of the designed two cascaded singlets with
TZs at both passband sides (Unit: mm).

Wy, 1 1.1 Se,1 1.15
Ssi,1 1 dsl,l 0.25
liz1 2.63 liy,1 2.25
gsi,2 | 0.175 ge,2 0.15
leg | 157 || waz | L1
liz,2 1.3 liy2 | 331
gi,1 0.125 ai,2 0.125
lew | 98 || loy | 10
di 1 0.4 di o 0.4
dy 0.4 Inrn 0.15
lnrn 9.5 Wnrn 1.1

Specifically, the proposed BPF with TZs at both sides
of the passband has been designed to be centered at the
very same frequency of the previous devices, which is
fe =7.5GHz, having FBW34g = 5% (i.e., which means that
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the filter BW = 375MHz) and RL = 15dB. It is worth
mentioning that the NRN has been optimized to show a
resonant frequency below 4 GHz, thus far below f... The cou-
pling matrix elements of such desired frequency response are
shown in Table 4.

TABLE 4. Coupling matrix of the designed two cascaded singlets with TZs
at both passband sides.

ms1 0.766 mso -0.94
Ss1,1 0.083 || mg 2 | -0.125
mi1 0.42 mog -0.21
Mnl,n2 0.79
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FIGURE 10. Cascaded singlets with two TZs at both sides of

passband: (a) upper TZ position can be controlled by adjusting sy 1,
and (b) lower TZ position is modified by using gg/ »-

Fig. 10-(a) and (b) demonstrate how the position of both
TZs can be controlled independently by adjusting the related
bypass coupling magnitude. As for the singlets previously
described, the distance sy, 1 is setting the TZ that is generated
above the passband (see Fig. 10-(a)), whereas the position of
the lower TZ is controlled by g 2 (see Fig. 10-(b)). It is worth
noting that the filter RL slightly changes when the magnetic
bypass coupling is modified, as it has been explained in
Section II-B. Finally, my 1 and mg 2 have been set to generate
the lower TZ atf. — 3.5 x BW = 6.2 GHz, and the upper TZ
atf. +4 x BW = 9GHz.
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1) MEASUREMENTS

Theoretical and simulated responses of this BPF are shown
in Fig. 11-(a). On the other hand, a comparison between
simulations, measurements and back-simulations are shown
in Fig. 11-(b), whereas Fig. 11-(c) depicts a photograph of the
manufactured filter prototype.

N —
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FIGURE 11. Two-pole cascaded singlets with two TZs at both sides of
passband of Fig 9: (a) lossless theoretical responses (dashed lines) and
simulations (solid lines), (b) simulations (dotted line), measurements
(solid lines) and back-simulations (dashed lines) that fit the
measurements. (c) Photograph of a fabricated filter prototype.

Since this filter prototype has been fabricated in the

same manufacturing batch of the BPF presented in
Section III-A, the aforementioned manufacturing problems

VOLUME 7, 2019

are also affecting the response of this filter. Indeed, in this
case the filter response has been shifted from 7.5 GHz to
7.85 GHz (i.e. +4.7%).

The measured IL and RL are in good agreement with the
simulated values. On one hand, the measured RL is 12 dB,
instead of being 15 dB. On the other hand, the measured
in-band IL varies from 2.5 dB at the upper cutoff frequency of
passband to 3.8 dB at the lower one, whereas, in simulations,
this IL variation should be from 2 dB to 2.8 dB. The in-band
flatness is more than 1 dB, due to the unequal Q, of the
resonators which have different configurations. Specifically,
from measurements, the Q, of the first singlet has been
estimated to be close to 150, whereas the Q, of the second
one is approximately 100.

Despite the frequency shift, the positions of the TZs
show a high concordance among back-simulations and mea-
surements, thus confirming the flexibility of the proposed
solution.

C. THREE CASCADED SINGLETS WITH THREE TZS

In the last example of BPF based on cascaded singlets,
the design modularity is proved by designing a third-order
elliptic filter with two TZs below, and one TZ above the
passband. This filtering response can be implemented by
cascading three singlets with different source-load coupling
mechanisms. The filter centre frequency is again f, =
7.5 GHz whereas the FBW measured at the level of RL =
15 dB is 5% (i.e. BW = 380 MHz). The singlets are coupled
among them by means of the quarter-wave CPW NRNs,
whose resonant frequencies are much lower than the filter f.
For instance, in this design, NRNs resonate around fp,,;, =~
4 GHz, as it can be seen in Fig. 13-(a). In this context, the cou-
pling matrix elements of the frequency response can be seen
in Table 5.

TABLE 5. Coupling matrix of the designed three cascaded singlets.

ms1 -0.96 ms2 0.64 ms3 -0.76

Ss1,1 -0.175 Mg 2 0.11 mg 3 | -0.046

mi1 -0.33 mog 0.39 m33 0.04
Mn1,n2 0.83 Mn2,n3 0.6

Fig. 12-(a) shows the three cascaded singlets layout, while
in Fig. 12-(b) the theoretical and simulated results are com-
pared. The main dimensions of this filter are shown in Table 6,
where py is the pitch between adjacent holes forming the
cavity sides.

It is worth mentioning that the overall BPF size is
9.8 x28.5 mm?® (i.e. 0.25x 0.71A5 and 0.46 x 1.34A3,
where A, is the guided wavelength at 7.5 GHz) excluding
the feeding lines, which exhibits an important degree of
miniaturization with respect to standard SIW approaches.
Two singlets having electric cross-coupling have been used
as first and third resonator to generate two TZs below the
passband. More specifically, the farthest TZ is located at
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FIGURE 12. Three-pole elliptic BPF based on three cascaded
singlets: (a) layout, and (b) lossless theoretical and simulated responses.

TABLE 6. Layout dimensions of the designed three cascaded singlets
(Unit: mm).

YGe,d1 0.135 9sl,d1 0.125 lsl,dl 1.12
liz,d1 1 g1,d1 0.15 liy,a1 | 3.95
Ssi,u 1.1 dsi 0.25 Se,u 1.85
Gt | 0085 || Diww | 27 || ligw | 23
gsl,d2 0.5 ge,a2 | 0.165 || giq2 | 0.145

ll;t,d2 1 lly,dQ 3.79 le 9.8
iy 0.4 dio 0.4 dis | 04
lnrnd | 905 || lnrno | 885 || wnrm | L1
d, 0.4 Wy 11 Pa 0.9

5.5 GHz, thus 2 GHz below f;, and the other one is centered
atf, — 2.5 x BW = 6.55 GHz. On the other hand, one TZ is
generated above the filter passband by the second cascaded
singlet, which has a magnetic mg. This upper TZ has been
setatf. + 2.25 x BW = 8.35 GHz. Itis remarkable that three
TZs have been introduced in a standard in-line filter topology
without the use of any cross-coupling between non-adjacent
resonators.

1) MEASUREMENTS

For verifying the proposed filter configuration, a prototype of
the quasi-elliptic BPF of Fig. 12-(a) has been implemented
using again a 1.52 mm-thick Rogers R04003C (¢, = 3.55,
tand = 0.0027 @ 10 GHz), and fabricated in single-layer
PCB process. A photograph of the fabricated filter is shown
in Fig. 13, together with its simulated and measured responses
that give us an indication of the good agreement between
them, even if a frequency shift of the measured response is
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FIGURE 13. Three-pole elliptic BPF based on three cascaded
singlets: (a) a comparison between measured and simulated responses,
and (b) a photograph of the filter prototype.

again visible. Specifically, the aforementioned manufactur-
ing problems are also affecting the response of this filter,
resulting in a shift of the passband center from 7.5 GHz to
7.67 GHz (i.e. +2.2%).

The measured RL is now 11 dB at 7.7 GHz, which is
slightly worse than desired, whereas the filter FBW keeps the
designed value. Furthermore, the measured in-band IL varies
from 3.5 dB at the upper cutoff frequency of the passband
to 4.5 dB at the lower one, which means that there is a very
good agreement between simulations and measurements. For
instance, at these specific frequencies, the IL has been esti-
mated to vary from 3.3 dB to 4.2 dB including the ENIG
finishing for the metal layers in the 3D model. Therefore,
the in-band flatness is around 1 dB in both case, which is
mainly due to the unequal Q, of the distinct coaxial SIW
resonators. From measurements, the Q,, of the first and third
singlets with electric my are estimated to be close to 100,
whereas the Q,, of the second singlet having magnetic my; is
approximately 150.

A further analysis of the results of Fig. 13-(a) shows that
the rejection is better than 48 dB between 4.5 GHz and
6.7 GHz, and it is better than 25 dB above the passband,
from 8.2 GHz to 11 GHz, showing excellent concordance
with simulations. Above, as expected, the rejection worsens
due to the first spurious mode of the SIW cavity that resonates
at 12.5 GHz.
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FIGURE 14. Routing scheme of the doublet with source-load electric
coupling proposed in [22].

IV. DOUBLETS AND DUAL-BAND FILTERS BASED

ON DUAL-MODE COAXIAL SIwW

In this section, the design of flexible dual-band filters based
on a doublet filtering topology with bypass coupling are
introduced, and demonstrated with the implementation and
characterization of two prototypes.

As it is well known, a doublet presents two separate
coupling paths between the source and the load that allow
the generation of one TZ, whose position depends on the
coupling coefficients and their relative signs [23]. In [22],
a fully integrated technique for generating an additional
TZ in such topology was successfully proved by using a
direct source-load path. Specifically, the direct source-load
my coupling, which is based on an embedded electric cou-
pling mechanism, enables the fine control of the position
of the additional TZ. Therefore, such doublet topology,
whose routing coupling path is shown in Fig. 14, allows
for the design of extremely compact quasi-elliptic filtering
responses. Note that, in Fig. 14, el and o1 indicate the even-
and odd-mode resonator node, respectively, whereas m;, and
my, are the main direct couplings to the even- and odd-mode,
respectively.

Such promising approach is now applied to the design of
dual-band filters that feature two independently controllable
bandwidths in just one single SIW cavity resonator, thus
further enhancing the frequency-selectivity and the minia-
turization degree provided by the dual-mode coaxial SIW
topology, firstly proposed in [23] and [31].

A. DUAL-BAND FILTERS BASED ON DOUBLETS

As a further demonstration of the design flexibility offered
by the proposed doublet configuration with direct bypass
coupling, two dual-band filters with TZs at both sides of the
passbands, and with different bandwidth requirements, are
designed, fabricated and measured. Figs. 15 and 16 show the
layouts of the proposed dual-band filters, which are named
in the following as filter DB1 (see Fig. 15) and filter DB2
(see Fig. 16), whereas the main dimensions of these devices
are listed in Table 7.

In those layouts, two different dual-mode coaxial SIW
resonators have been inserted into the same SIW cavity, each
one providing a different passband. For that, two pairs of
plated via holes are symmetrically inserted with respect to
the transverse side of the cavity, and at each side of the
CPW feeding line, which is symmetrically placed along the
longitudinal side of the SIW cavity.
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FIGURE 15. Layout of the dual-band filter DB1.

FIGURE 16. Layout of the dual-band filter DB2.

TABLE 7. Layout dimensions of the designed filters DB1 and DB2
(Unit: mm).

Size DB1 | DB2 || Size DBl | DB2
Wwa1 13 13 || gsta 02 | 0.12
Shodl 13 12 || skam | 135 4

Gear, | 0175 | 002 || geam | 0.245 | 045
Uparr | 195 2 Uy.dH 3 335
grar | 0115 | 0.12 || gram | 0115 | 0.12

lew.d 81 | 8.1 || leya 92 | 92
digr | 025 | 025 |[ digm | 035 | 0.25
do 04 | 04 | wy 125 | 1.25

This configuration can be perfectly modeled by means of
the coupling diagram of Fig. 17. From this model, it can be
deduced that both passbands can be independently controlled,
since there is no coupling between the upper and lower side of
the cavity (i.e., between each dual-mode resonator), which is
a very interesting property. Another important feature is that
this topology is able to provide up to four TZs placed at real
frequencies, which can be used for the design of dual-band
filters with very selective responses and high rejection levels
between bands, as will be shown next.

The proposed dual-band topology enables us to use the
electric coupling mechanism to implement completely inde-
pendent external couplings for each dual-mode resonator.
As Figs. 15 and 16 show, the spacing gaps g 41, and g 4u set,
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FIGURE 17. Routing coupling scheme of the proposed dual-band filter
topology.

separately, the values of the embedded coupling capacitances
that control the external coupling of each band. In addition,
an inter-digital capacitor topology gives a straightforward
approach for increasing the external coupling if required,
as well as for boosting C; of a coaxial SIW resonator, follow-
ing the approach proposed in [32]. To increase the external
coupling in the lower band of the filter DB2, as it is shown
in Fig. 16, two insets are created, and are defined by the sizes
lex,ar and ley g, as well as by the gap g 4. By increasing
lex,ar, the external coupling can be easily increased.

Furthermore, square-shaped inter-digital capacitors are
introduced in both lower bands of the filter DB1 and DB2,
as it is visible in Figs. 15 and 16, to provide a highly loaded
coaxial SIW configuration that allows for a strong reduction
of the center frequency of these bands. Indeed, both dual-band
1mamwwmmd@d=&1x9hm3@a&Mx0m%
and 0.26 x 0.3A§, where A, is the guided wavelength at
5.25 GHz), which implies a remarkable degree of minia-
turization. It is, therefore, clear that the proposed approach
is able to maximize the miniaturization of bandpass filters
based on the coaxial SIW topology. Finally, the passband
bandwidths are easily set by adjusting the TEM even and
odd modes frequencies of each pair, which can be done
by modifying the via hole separation [sk,dL, sk,dH] and the
spacing gaps [gk’dL, gk,dy].

In order to prove the design flexibility and the high
degree of independence between bands during the design
step, two dual-band filters with very different passband
requirements are designed. On one hand, the dual-band
filter DB1 is operating at 53 GHz and 7.85 GHz
providing FBWigg = 8.2% (i.e. BW =435 MHz) and
FBW 4 = 11% (i.e. BW = 870 MHz), respectively.

On the other hand, the filter DB2 operates at 5.25 GHz and
7.5 GHz, providing FBW 45 = 12.8% (i.e. BW = 670 MHz)
and FBWi4g = 2.7% (i.e. BW = 200 MHz), respectively.
Note that the frequency ratios of the second band to the
first band are 1.48 and 1.42, respectively, for the filter
DB1 and DB2.

The coupling matrix elements for these filters are listed
in Table 8. These values are computed for f, =7 GHz
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TABLE 8. Coupling matrix of the filters DB1 and DB2.

Coupling element | Filter DB1 | Filter DB2
Msel 0.2425 0.304
Msol 0.2462 0.3172
Mse2 0.2677 0.1542
Mso2 0.2779 0.1375
Meel 1.3211 1.4921
Mee2 0.9591 0.9442
Mool -0.2224 -0.217
Moo2 -0.6405 -0.3293
mg; -0.12 -0.105

(intermediate frequency between bands) and FBW = 50%
(this bandwidth covers the two passbands for both filters).

Concerning the bypass coupling dimensions, in the filter
DB, the spacing gy 4 is set to 0.2 mm, while it is 0.12 mm
in the filter DB2, thus, TZs are introduced with different
separations to the passbands. It is worth mentioning that the
position of TZs due to the dual-mode configuration is slightly
affected by the magnitude of the bypass coupling my;. This
means that a few iterations may be needed to optimize the
design by using simulations.

1) MEASUREMENTS

Simulations, measurements, and back-simulations of the pro-
totypes of the filters DB1 and DB2 are shown, respectively,
in Fig. 18-(a) and Fig. 18-(b), and a photograph of the
devices is depicted in Fig. 18-(c). A comparison between
the simulated and measured results of the doublet proto-
types is listed in Table 9. Since the two dual-band fil-
ter prototypes belong to the same manufacturing batch of
the previous cascaded singlets, a systematic frequency shift
appears among simulated and measured responses of both
devices.

TABLE 9. Comparison between initial simulations and measurements for
the filters DB1 and DB2 (Note: L = lower band, U = upper band,

TZ, = lower TZ expressed as f,; /f; and fi,; /fcy. and TZ, = upper TZ
expressed as f,, /f and f,, /fy).

Sim. Meas. Sim. Meas.
DBI1 DBI1 DB2 DB2
@“/v | @/ /v | /v
fer/fev (GHz) | 5.3 /7.85 | 5.65/84 525/175 | 57/795
IL (dB) 1.4 /0.95 1.5/1.05 0.95/1.8 | 1.06 /2.15
RL (dB) 15 /24 >20/255 20/ 16 17 /13
FBW (%) 8.2 /11 7.7/10.2 128 /27 | 122 /26
TZ, 0.87 /0.86 | 0.87 /0.86 || 0.82/0.94 | 0.82 / 0.94
TZ> 1.15/1.14 | 1.14/1.14 || 1.23 /1.03 | 1.21 / 1.03

Specifically, in filter DB, the lower band has been shifted
from 5.3 GHz to 5.65 GHz (i.e. +-6.8%) and the upper band
from 7.85 GHz to 8.4 GHz (i.e. +7%), whereas in the filter
DB2, the frequency shift of the lower band is from 5.25 GHz
to 5.7 GHz (i.e. +8.6%) and the upper band from 7.5 GHz
to 7.95 GHz (i.e. +6%). Please note that these frequency
shifts are justified by the bigger spacing gaps etched on the

VOLUME 7, 2019



S. Sirci et al.: Advanced Filtering Solutions in Coaxial SIW Technology Based on Singlets, Cascaded Singlets, and Doublets

IEEE Access

LA
o O O

S-Par. (dB)
o
o

- —821 Back- Sim.
3 4 5 6 7 8 9 10 11
Frequency (GHz)

(@)

0
10
@ -20
S
= -30 |
a I
» -40 —821 Meas.
_50 t ——S,, Meas.
-— —821 Back-Sim.
-60 e
3 4 5 6 7 8 9 10 11

Frequency (GHz)
(b)

©

FIGURE 18. Simulations (dotted lines), measurements (solid lines) and
back-simulations (dashed lines) for the dual-band doublets

(a) of Fig 15, and (b) of Fig. 16. Naming of the TZs is also shown in order
to easy readability. (c) Photograph of filter prototypes: above filter DB2,
and below filter DB1.

top metal layer and the thinner finishing thickness found in
all manufactured prototypes. Therefore, manufactured res-
onators are less loaded than simulated ones and are centered
at higher frequencies.

Nevertheless, the agreement between back-simulations
(that include the aforementioned systematic tolerances) and
measurements is good, especially in terms of in-band IL
and FBW. Finally, the positions of the TZs seem to be in
good agreement with back-simulations, and just the TZs
that are generated above the lower bands of both filters
are slightly moved with respect to the desired frequency
positions.
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V. NEW FABRICATION RUN OF THE DESIGNED FILTERS
As mentioned in the previous sections, the non-vertical edges
of the spacing gaps and the thinner finishing thickness found
in all manufactured prototypes were responsible for the
frequency shift that can be observed between 3D simula-
tions and measurements. To fully understand such filtering
response deviations, the prototypes dimensions were exten-
sively measured by using both an optical measurement sys-
tem and a stylus profilometer. Then, back-simulations were
performed accounting for these prototypes deviations, and,
the previous measurement responses were fully recovered, as
Figs. 8-(b), 11-(b), 18-(a), and 18-(b) clearly proved.

=-40 ¢ s,, Sim.

3-;-50 S, SIm.
-60 - —S11 Meas.
-70 - |—s,, Meas.
-80

6 657 75 8 85 9 9510
Frequency (GHz)

FIGURE 19. Refabricated two-pole cascaded singlets filter
of Fig 7-(b): simulations (dotted line), and measurements (solid lines).

Therefore, a new fabrication run has been performed tak-
ing into account the previous results of the physical mea-
surements of filter prototypes. Specifically, the filters of
Figs. 7-(b), 12-(a), and 16 have been manufactured again by
using the same PCB fabrication process, and their measure-
ments are shown in Figs. 19, 20, and 21.
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FIGURE 20. Refabricated three cascaded singlets of
Fig 12-(b): simulations (dotted line), and measurements (solid lines).

The new measurements are now in excellent agreement
with simulations in terms of IL, filter BWs and TZs position-
ing, thus fully demonstrating that enhanced selectivity, high
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FIGURE 21. Refabricated dual-band doublet DB2 of Fig. 16: simulations
(dotted line), and measurements (solid lines).

miniaturization and low-cost fabrication are easily achievable
by using the proposed coaxial SIW topologies. Even if minor
differences can be observed in the responses in terms of RL,
the filters show RL always better than 12 dB.

VI. CONCLUSION

In this paper, a detailed study of the implementation of sin-
glets, cascaded singlets, and dual-band doublets in coaxial
SIW technology has been presented and proved by means of
several BPF prototypes. Basic singlet topologies that allow
the introduction of a TZ either above or below the transmis-
sion pole, are proposed and studied as a building block for
implementing advanced filtering responses. Several two-pole
and three-pole BPFs with two or three independent TZs were
designed, fabricated and measured. The performance of these
devices prove that enhanced selectivity, high miniaturization
and low-cost fabrication are easily achievable by using the
proposed topologies. Furthermore, the doublet concept based
on a dual-mode coaxial SIW topology, and its application for
the design of narrow-band and wide-band dual-band filters,
have been practically demonstrated through the implementa-
tion of several compact solutions. The results clearly show
that the proposed approach is suitable for the flexible design
of different bandpass filters with pseudo-elliptic responses,
as well as, remarkable miniaturization.
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